Purpose: The purpose of this study was to determine the diagnostically most important molecular biomarkers quantified by magnetic resonance-guided (MR) near-infrared spectral tomography (NIRST) that distinguish malignant breast lesions from benign abnormalities when combined with outcomes from clinical breast MRI.
Introduction
Diagnostic radiologic evaluations of the breast are based on anatomical structures observed in mammography and ultrasonography, and vascular leakage of injected contrast in MRI. Molecular or cellular information obtained at the time of imaging could influence the process of recommending biopsy and positively impact patients by minimizing the emotional and financial costs of unnecessary procedures due to false-positive imaging results. Novel optical imaging systems that monitor key molecules and cellular activity related to tissue physiology exist and are in various stages of technical evaluation. MR-guided near-infrared spectral tomography (NIRST) is an emerging approach that could benefit patients after their initial screening (1) by increasing the specificity of breast MRI through the addition of a concurrent optical scan prior to the biopsy decision (2) . The technique noninvasively quantifies oxy-and deoxy-hemoglobin concentration, water and lipid content, and scattering parameters in adipose, fibroglandular, and tumor tissues. Derived parameters such as tissue optical index (TOI), which combine these image indicators into a single measure, are also possible (3) . Hundreds of patients have undergone optical breast imaging examinations at multiple academic centers in the United States and Europe with promising results in larger tumors that are more superficially located (4) (5) (6) . Because MRI information can guide optical image reconstruction, the MR-guided NIRST technique has the potential to improve the depth at which smaller lesions can be characterized relative to stand-alone optical imaging systems (7).
Ntziachristos and colleagues (8) and then Brooksby and colleagues (9) reported combined MRI/optical tomography systems where concurrent MRI and optical imaging was performed to increase the information available from clinical breast MRI examinations. Advances in these systems now allow MRI-guided recovery of the optical parameters in locally defined regions within the breast to estimate accurate molecular and cellular contrast from multiwavelength spectroscopy (8, 9) . While the approach has shown distinctions between malignant and benign lesions in case studies, it has not been evaluated in a larger patient population. In this study, 44 women with breast abnormalities of unknown diagnoses scheduled for surgical resection were imaged to estimate the diagnostic value of MR-guided NIRST when used to characterize suspicious regions identified by dynamic contrastenhanced MRI (DCE-MRI). The multimodality breast examinations in 14 of these subjects yielded optical data that did not meet minimum lesion sensitivity criterion (10) , and were excluded from the final analysis of the remaining 30 subjects. Abnormalities were characterized relative to the background breast as either malignant or benign, and scored versus the subsequent pathologic diagnosis. Results from these examinations were used to generate sensitivity and specificity for receiver operating curve (ROC) analysis. Individual case studies are presented along with analyses of the composite data to illustrate the potential of combined MRI and NIRST as an alternative that increases the specificity of clinical breast MRI as presently practiced without reducing its sensitivity.
Materials and Methods

Patient characteristics
The study protocol for human subject imaging was approved by the Committee for the Protection of Human Subjects at Dartmouth-Hitchcock Medical Center and at Xijing Hospital (Xi'an, China). The trial was conducted with federal support and, as a result, also required approval from the U.S. State Department in addition to the NIH. All patients were recruited from Xijing Hospital and provided written consent after the nature of the procedure was fully explained by their referring physician. Specifically, subjects were recruited for imaging by several breast surgeons in Xijing Hospital. Each individual continued to surgery following the MRI/NIRST examination as part of their scheduled standard-of-care treatment at the hosting institution. Patients were selected based on eligibility criteria, which included having at least one suspected breast abnormality and no contraindications for undergoing breast MRI. Patients who underwent a biopsy procedure within 10 days prior to the MRI/NIRST examination date were excluded from the study due to the possible presence of contusions or bleeding at the biopsy site that could alter or influence the imaging findings (6, 11).
All disease was confirmed by histopathologic analysis of tissue removed during surgery. Subjects were female, ages 20 to 81 years old. Within the group of women with malignant pathology, the mean age was 49 AE 11 years (range, 24-81 years), whereas the mean age was 37 AE 10 years (range, 20-51 years) for women with pathologically confirmed benign conditions, which was significantly less than the mean age of the malignant enrollments (P < 0.001). Patient BMI had a mean of 23.0 with standard deviation of 3.4. Breast sizes of all patients were distributed as follows: 16 Acup, 15 B-cup, 10 C-cup, and 3 D-cup. Because most patients did not have prior mammography, breast density was assessed by an experienced breast radiologist from the T1 MRI and categorized as follows: 5 fatty, 16 scattered, 12 heterogeneously dense, and 11 extremely dense. Sixteen subjects were postmenopausal, whereas 28 were premenopausal. Table 1 summarizes means, standard deviations, and ranges for subject characteristics by pathologic diagnosis.
Optical imaging system
The MRI/NIRST system deployed in this study has been described in detail previously (12) , but is briefly summarized here for completeness. It consisted of six intensity modulated diode lasers and three continuous-wave diode lasers having wavelengths spanning from 660 nm to 850 nm (660 nm, 735 nm, 785 nm, 808 nm, 826 nm, 850 nm), and 900 nm to 950 nm (903 nm, 912 nm, 948 nm), respectively. Sixteen sequential source fiber positions illuminated the breast, and the transmitted light was collected by an optical fiber pickup and sent to a rotating bank of photomultiplier tubes (PMT) and photodiode detectors. The NIRST data acquisition and computer control console resided in the MR control room but outside the MRI scanner bay, and long optical fiber bundles passed light to/from the NIRST instrument into the breast optical imaging interface attached to a standard commercial-grade breast MR coil unit (13) .
A clinical MRI breast coil (Invivo Corp 800135) was retrofitted with the optical fiber imaging array that translates to accommodate variable breast sizes and compositions (13) . During an examination, the fibers remained stationary and were mildly compressed against the breast surface in order to maintain contact. No significant degradation in the breast MRI image quality was evident due to the presence of the optical fibers. Figure 1 shows an overview of the NIRST system and integrated breast coil.
Measurement procedure
Subjects were fitted in a prone position into the optical breast interface in the MRI (MAGNETOM Trio 3.0T, Siemens) by lightly compressing three fiber optic cable holders against the breast. Coregistration between optical and MR images was accomplished through fiducial markers placed in the plane of each set of fibers. All patients underwent the same MRI protocol. Dedicated breast coils were used to acquire images with submillimeter in-plane resolution and section thicknesses of less than 3 mm (T1-weighted MR imaging) and less than 5 mm (T2-weighted MR imaging). 
Translational Relevance
The results of this study suggest that MR-guided near infrared spectral tomography (NIRST) can distinguish malignant lesions from benign conditions in women with undiagnosed breast abnormalities via optical imaging biomarkers of total hemoglobin concentration and a tissue optical index. Functional information obtained from combined NIRST and clinical MRI could improve the diagnostic performance of dynamic contrast-enhanced MRI alone by adding molecular information and thereby improve patient care by reducing the number of unnecessary biopsies.
MR sequences included diffusion-weighted imaging (DWI), T1-weighted DCE images, post-contrast axial, sagittal, and coronal multi-planar reconstruction (MPR), and signal intensity-time curves. The core dynamic scan was a three-dimensional (3D), fast, low-angle shot T1 sequence acquired in the transverse plane with a total of six acquisitions-one before and five after i.v. injection of MR contrast (0.5 mmol/mL, Gadodiamide, Omniscan, GE Healthcare) of 0.1 mmol per kilogram of body weight at 3 mL/s. Each volume consisted of 144 slices (1-mm thickness). The first post-contrast series was initiated 40 seconds after the injection. Subtraction images (gradient-echo T1-weighted precontrast series subtracted from initial post-contrast gradient-echo T1-weighted series) were generated at the MR workstation for either clinical or research examinations. The diffusion sequence was acquired using 8 b values ranging from 0 to 1,400 s/mm 2 . Full tomographic optical data were collected at nine wavelengths concurrently with the MRI acquisitions and required 15 minutes relative to the 30-minute breast MRI examination.
Data analysis
Optical data were analyzed using NIRFAST, a custom optical image reconstruction software package written in Matlab (Mathworks; ref. 14). Tissue regions were assigned to a patient-specific 3D finite element mesh based on the MR image volume segmented into adipose, fibroglandular, and abnormality regions (15) . Data were calibrated based on a reference phantom to correct for variations in detector response and light intensity delivery. Images were reconstructed by minimizing the difference between measured data and a diffusion model of light propagation through the medium to yield estimates of the optical properties of the segmented tissue regions (16, 17) . The image was formed via a Newton-type minimization method that iteratively optimized the estimation of oxygenated and deoxygenated hemoglobin concentrations, water and lipid fractions, scatter amplitude, and scatter power in the predicted model based upon the measured data. Here, values of total hemoglobin, HbT ¼ HbO þ Hb, oxygen saturation, StO 2 ¼ HbO=HbT; and a modified tissue optical index TOI ¼ HbT Ã Water=Lipid were reported (3). After image reconstruction, contrasts between regions were evaluated rather than absolute values, as is common in many other imaging techniques (6) . Each chromophore's ratio of tumor to normal tissue, based on the adipose region, was reported in subsequent analysis. The ratio of mean benign contrast to mean malignant contrast was also calculated for comparison with other analyses (3).
Statistical analysis
Patient examination results were divided into malignant (n ¼ 28) and benign categories (n ¼ 16) based on clinical pathology. Fourteen examinations were excluded from analysis because of insufficient coverage of the region of suspicion by the optical fiber array. Previous work (16, 18) has shown that optical image accuracy depends on having light signals that propagate through the abnormal region of interest with sufficient strength to be detected above the noise floor of the optical imaging array, and a measurement signal cutoff of 0.75% lesion sensitivity (relative to total sensitivity) was considered (10) as the minimum acceptable data sensitivity to the tissue region under evaluation. Based upon this analysis, data from 30 patient examinations met the signal sensitivity cutoff criterion, indicating that the breasts of these patients were accurately imaged across the plane of the tumor, and were subsequently evaluated.
MRI examinations were evaluated according to the Breast Imaging Reporting and Data System (BIRADS). Images were assessed based on morphologic features, DCE-MRI, and ADC values as references for detecting breast lesions. All malignant lesions were measured along three orthogonal axes, and the greatest diameter was considered in the statistical analysis. In cases of multifocal or multicentric cancer, only the largest lesion was evaluated. The dynamic and DWI scans were assessed at a dedicated workstation (Siemens Healthcare) where consensus was reached by two radiologists experienced in diagnostic breast MRI (J. Xu, 15 years, and K. Wang, 6 years), who were blinded to pathologic results. Images were evaluated based on the Teifke scoring system for focal breast lesions based on our previous experience and other results reported in the literature (19) . Briefly, this system scores lesions based on shape, border characteristics, enhancement kinetics, and enhancement pattern and maps to a BIRADS category based on their cumulative scores (20, 21) .
Statistical analysis was performed using Matlab. Student t tests and ROC analysis examined correlations between optical imaging and clinical pathology for all reconstructed optical parameters. T tests were performed using the Matlab "ttest2" algorithm. ROC analysis for MRI and individual optical chromophores was completed with respect to histolopathologic scoring on surgical An overview of the MRI/optical system. The optical system is housed in the MRI control room (A) and light is piped into the MRI suite for patient imaging using fiber optic cables (B). A combined MRI/optical breast coil (C) makes simultaneous MRI and optical imaging possible.
samples. Coefficients to combine MRI and optical data were chosen using the Matlab "glmfit" function, which minimized the difference between the combined variable and pathologic analysis. ROC curves were drawn after this step and did not require further processing. Additionally, ROC data were tested using 1,000 trial permutation tests. Significance for all statistical tests was assumed at a confidence interval of 95% (P < 0.05) for a twotailed distribution.
Results
MRI interpretation
MRI were evaluated based on the BIRADS system by two radiologists experienced in breast MRI. The mean of the maximum dimension of the suspicious regions identified on the DCE-MRI examinations was 31 AE 19 mm, and ranged from 9 mm to 74 mm. Assuming a BIRADS 4 or 5 image rating to be positive for cancer, one false negative occurred out of the 21 pathologically confirmed malignant lesions, and 3 false positives resulted from the 9 benign cases, corresponding to a sensitivity and specificity of 95% and 67%, respectively. ROC analysis of MRI alone yielded an area under the curve of 0.87 (see Fig. 2 ).
Optical results
Quantification of normal tissue, abnormal tissue, and their ratio (abnormal/normal) for HbT and TOI is summarized in Fig.  2 . Malignant lesions had statistically significant increases in HbT (P < 0.01) and TOI (P < 0.001), with mean contrast values of 1.09 AE 0.20 and 0.83 AE 0.27 for the malignant and benign cases in HbT, and 0.99 AE 0.34 and 0.69 AE 0.16 in TOI in the two diagnostic categories, respectively. The other optical parameters showed separation of means, but none were statistically significant (Fig.  2) . The ratio of average malignant contrast and average benign contrast was 1.31 for HbT and 1.43 for TOI. At the given cutoff values, HbT had 0/21 false negatives and 6/9 false positives. TOI yielded 2/21 false negatives and 0/9 false positives. MRI combined with TOI yielded 1/21 false negatives and 1/9 false positives. Complete optical data from 30 analyzed patients can be found in Supplementary Table S1. TOI was the best optical indicator and generated an AUC of 0.94, while the combination of TOI and MRI yielded an AUC of 0.95. HbT produced an AUC of 0.77 alone, and 0.89 when combined with MRI. Permutation tests on TOI, MRI, and TOIþMRI yielded permutation P <0.001, 0.001, and <0.001, respectively. Complete AUC, sensitivity, specificity, PPV, and NPV are summarized for the optical and combined indicators in Table 2 .
Case examples
Two examples of MRI/NIRST examination data are highlighted in instances where the MRI diagnosis produced a false positive in Fig. 3 . Patient 6 (pathology: fibroadenoma, BIRADS score: 4a) yielded HbT contrast of 0.32 and TOI contrast of 0.35 ( Fig. 3A and  B) . Patient 10 (pathology: adenosis, BIRADS score: 4a) yielded HbT contrast of 0.62 and TOI contrast of 0.70 ( Fig. 3C and D) . Optical data correctly identified both of these lesions as benign. Figure 4 shows a representative case example of MRI/NIRST examination data from a patient with a histologic cancer diagnosis. Patient 54 (pathology IDC, BIRADS score: 5) yielded HbT contrast of 1.58 and TOI contrast of 1.59. Optical data agreed with the true-positive MRI diagnosis and identified this lesion as malignant.
Discussion
MR-guided NIRST quantified HbT, StO 2 , water and lipid content, and TOI in 30 women with undiagnosed breast abnormalities scheduled for surgical resection based on mammography, ultrasonography, or clinical examination. Histopathologic analysis of tissue removed during surgery identified 28 cancers and 16 benign lesions. Ratios of abnormal to normal tissue contrasts in these optical parameters were most predictive of malignancy, and were consistent with previous work (3, 6) . Specifically, HbT and TOI were statistically significant indicators of malignancy (P < 0.01 and P < 0.001, respectively), similarly to findings in other optical breast imaging studies (22) (23) (24) . However, the results Research.
on September 12, 2017. © 2015 American Association for Cancer clincancerres.aacrjournals.org Downloaded from presented here are the first to demonstrate improved diagnostic performance when these optical indicators are added to the MRI assessment of contrast-enhancing regions of interest (ROI) in a relatively large feasibility study of women with breast abnormalities of unknown diagnoses at the time of their imaging examinations. While the potential for diagnostic improvement in breast MRI through the incorporation of functional optical imaging parameters has been suggested in the past (2, 25) , the anecdotal character of the prior results (less than 10 subjects imaged) has been augmented considerably by the much larger enrollments presented in this article.
MRI evaluation of the study data represents the interpretation of two experienced breast radiologists. Interestingly, ROC analysis of MRI alone yielded an AUC of 0.87, which is comparable to the values found in larger multicentered definitive studies of breast MRI (26) but lower than some single institution reports of particular patient populations or MRI scanning/analysis procedures (27) (28) (29) , and could be due to sample size and/or the imbalance in the number of benign conditions in the enrollment group. Furthermore, the ROC analysis only provides an estimate of actual predictive performance because the data were evaluated in a training setting in terms of the instrumentation, algorithms, and imaging procedures. These results will need to be validated in a subsequent study to truly evaluate the diagnostic performance of the multimodality breast imaging approach.
Some MRI/NIRST examinations (14 in total) were excluded from the analysis based on a quantitative and objective assessment of the optical signal sampling of the MRI contrast-enhancing ROIs, which we attribute to the incomplete breast coverage that occurs with the current version of the optical imaging breast interface used in this study (10) . The optical signal cutoff used to define an evaluable MRI/NIRST examination was based on its measurement sensitivity to the contrast-enhancing ROI because the optical measurements did not adequately interrogate the ROI in every case. Based on previous publications, inadequate optical data sensitivity depends on lesion location relative to optical fiber positioning and lesion size. Breast size and density also play a small role in determining the optical data sensitivity to the ROI, but they are secondary influences (10, 13) . In this study, patients with insufficient optical measurement sensitivity to the suspicious ROI had breast cup sizes and densities distributed as 5 A-cup, 5 Bcup, 3 C-cup, and 1 D-cup sizes, and 3 fatty, 4 scattered, 4 heterogeneously dense, and 3 extremely dense parenchymal patterns, approximately in proportion to the totals in each group of enrollments. Providing full breast coverage is an important engineering challenge for future versions of the MRI/NIRST imaging array, and the positive diagnostic results reported here based on the analysis of 30 patient examinations with adequate optical signal sensitivity motivate a solution that economically maximizes breast coverage while still accommodating the majority of breast sizes (13) .
In the two patient case studies presented, where MRI alone produced false positive results, both HbT and TOI correctly diagnosed the contrast-enhancing lesions as benign. Specifically, patient 6 ( Fig. 3A and B) had HbT and TOI contrasts of 0.32 and 0.35, respectively, whereas patient 10 ( Fig. 3C and D) had corresponding contrasts of 0.62 and 0.70. The case study presented in Fig. 4 shows representative MRI/NIRST examination data in a patient with histologically confirmed cancer. Patient 54 had HbT and TOI contrasts of 1.58 and 1.59. Malignancy contrast cutoffs of 0.94 and 0.88 for HbT and TOI, respectively, were used to generate the reported sensitivities and specificities (81% and 67% for HbT, 90% and 100% for TOI) in Table 2 .
The results presented here appear to be an improvement over other studies with similar patient populations where combined optical and clinical imaging modalities were considered. For example, Poellinger and colleagues report an AUC of 0.796 for optical imaging combined with clinical mammography versus 0.722 for mammography alone in a study of 79 patients presenting with 42 malignancies (30) . Previous work by Poplack and colleagues obtained an AUC of 0.67 for optical imaging alone in a group of 58 malignant lesions and 42 normal controls (6) . Relative to previous publications, this study exploits the 3D high spatial and contrast resolution of MRI during optical image reconstruction to suggest improved diagnostic performance can be obtained, not only in terms of the optical parameters themselves, but, more importantly, in terms of the combined image information acquired by the multimodality technique (AUC 0.95 for MRIþTOI).
Optical biomarkers determined in this study were statistically significant indicators of breast malignancy and motivate further development of combined MRI/NIRST. The main limitation of the instrumentation was insufficient breast coverage, which led to the exclusion of 14 examinations due to lack of optical signal sensitivity to the ROI, and is readily addressed through redesign of the MRI/NIRST breast coil. Clinical translation of the technique is also not impeded by high cost, as the equipment required to add NIRST is nominal relative MRI, and comparable to state-of-the-art breast coil systems (<$100k, of which $50% is for the optical fibers). Previous publications have suggested that the MRI/NIRST combination is compatible with clinical workflow (1, 14) and, certainly, could be optimized further. The results obtained from this study demonstrate synergy between NIRST and MRI, and represent a substantial advance toward clinical translation of the technique. This study supports and is consistent with trends toward the development and clinical use of multimodal imaging with systems such as PET/MRI, and, hopefully, will influence future work in the field. The molecular-specific information being added to MRI by simultaneous MRI/NIRST could lead to more informed and accurate biopsy decisions.
In the largest enrollment group reported to date (44 women, 30 analyzed), we show that improved diagnostic performance could occur when NIRST contrast in total hemoglobin concentration and tissue optical index in MRI contrast-enhancing regions of interest is added to the breast MRI assessment. These optical biomarkers were statistically significant indicators of breast malignancy with abnormal to normal tissue contrasts comparable to those reported in previous studies. Importantly, adequate optical signal sampling of the contrast-enhancing lesions is critical to the success of the MR-guided NIRST image outcomes reported, and sufficient breast coverage was achieved in only about 70% of the examinations performed, which places a premium on the engineering challenges associated with new optical imaging array designs. Despite the imperfections in the optical imaging array applied in the present study, the very positive diagnostic outcomes from combined MRI/NIRST attained when sufficient optical coverage of the breast occurs, motivates the engineering effort required.
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